The conventional bibliographic retrieval systems are based on Boolean query formulations and inverted file implementations. Such systems provide rapid responses in answer to search queries but they are not easy to use by uninitiated patrons. An extended Boolean retrieval strategy has been devised in which the Boolean operators are treated more or less strictly, depending on the setting of a special parameter, known as the pvalue. The extended system is much more forgiving than the conventional system, and provides better retrieval effectiveness. In this study various problems associated with the determination of appropriate p-values are discussed, and suggestions are made for an automatic assignment of p-values. Evaluation output is included to illustrate the operations of the suggested procedures.
Introduction
In most operational information retrieval systems, Boolean logic is used as a controlling factor in distinguishing the items that are to be retrieved from those that must be rejected. It has been remarked that the conventional Boolean logic exhibits many shortcomings in a retrieval setting: [1, 2] a) The conventional Boolean logic is strict and unforgiving. Thus, adding an anded term may turn a viable query statement into an
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ACM 0-89791-159-8/85/006/0054 $00.75 excessively narrow formulation with correspondingly poor recall; analogously, adding an ored term may excessively broaden the .q.uery, and produce correspondingly poor precision.
b) The amount of output produced by a Boolean query is difficult to control even for trained experts who are familiar with the vocabulary use in the collection under consideration. Too often a given formulation produces too little or too much output to be of real use.
c) The output obtained from conventional Boolean systems is not ranked in any order of presumed usefulness for the user. This makes it impossible for the user to consider the more important items ahead of the more marginal ones.
d) In conventional Boolean logic, term importance weights are not normally used to distinguish the relative importance of terms assigned to the documents or included in the queries. That is, a given term is assumed to be fully present, or fully absent from a given description.
e) In conventional systems it is not possible to "oversatisfy" a query-for example, in response to query (A or B) a docnment containing both terms is not preferred over one containing only one term. Similarly, it is not possible to "undersatisfy" a query--for example, in response to query (A and B and C), a document containing two of the three terms is rejected as completely as a document containing no terms at all.
An alternative to the conventional Boolean retrieval system is the vector processing system where queries are formulated as sets of terms without Boolean operators. [3, 4] In the vector processing system it is easy to operate with *RecMI is the proportion of relevant items retrieved, where~ precision is the propo~iou of retrieved items tEA are relevznt.
weighted query and document terms, and a global similarity value can be computed between a query and the individual documents. The output can then be controlled and the documents can be ranked for retrieval in decreasing order of the query-document similarity.
The extended Boolean retrieval method is based on a strategy similar to that used in vector processing except that Boolean, or quasi-Boolean, queries are used. [5] In particular, a global similarity measure is computed between a Boolean query and the documents identified by sets of weighted terms. This makes it possible to arrange the documents at retrieval time in decreasing order of the corresponding query-document similarity.
In the extended Boolean model, both query and document terms may be weighted and the interpretation of the Boolean operators is controlled by a special parameter, known as the pvalue.
Consider The following values may then be used to denote the similarity between D and Qor' and D and Qand respectively:
For mixed queries with both and and or operators, the or and and formulas of expressions (2) are appropriately combined. For example, for the query Q ~-{ (A,a) or ([(E,e) and (F,f)] ,b) } one obtains
It is not difficult to show that all similarity formulas produce values between 0 and 1. Furthermore the value of the parameter p determines the strictness of interpretation of Boolean and and or operators: [5,6 l a) When p -~-oo, and binary weights are used, the result is a conventional Boolean system. The similarity measurements provide values of I for documents that match the queries and hence are to be retrieved, and values of 0 for the remainder that needs to be rejected.
b) As the value of p is reduced from infinity, the interpretation of the Boolean operators is less and less strict. A clause such as (A and B) is then treated as a tentative phrase, rather than a compulsory one, in the sense that a document exhibiting both terms still receives a perfect score; however a document exhibiting one of the two terms now receives a partial sum rather than a null score as in the conventional system. Analogously, in a clause such as (A or B), the two terms are treated as approximately, rather than completely, synonymous. This implies that a document which includes both terms will be preferred over one containing only one of the terms. c) As p reaches its lower boundary of 1, the two formulas of expression (2) produce the same result; that is sim(D,Qor ) -~-sim(D,Qand ).
In that case, the presence of two query terms in a document is worth twice as much as the presence of one term (assuming fully weighted terms), and the distinctions between and and or are lost. When p .~ I the extended Boolean system is reduced to a vector processing system, and the Boolean queries (A and B) and (A or B) are then equivalent to the vector query (A,B) specifying two terms without special structural information.
In order to use the extended Boolean system, it is neces.sary to specify appropriate weights to be attached to query and document terms, and to choose the p-values controlling the interpretation of the operators. It is known that a high order of performance is obtained when high weights are used for terms with high occurrence frequencies in individual documents but low overall occurrence frequencies in the remainder of the collection. For this reason an appropriate weight for term j in document i might be {4j
occurrence frequency of termj in document i wij ----total number of documents exhibiting term j "
This weighting system also known as tf× idf (term frequency)< inverse document frequency) has a term significance component (the term frequency tf), and a term relevance component (the inverse document frequency idf). The inverse document frequency is known to be useful as an approximation to the probabilistic term relevance• [7, 8] For query terms, the occurrence frequency of each individual term is assumed to be equal to 1, and weights are then computed recursively for the query clauses. The denominator of expression (4), representing the document frequency is used for both query and document term weighting.*
2.
Overall Effect of the Extended Boolean
Operations
It is known that the retrieval effectiveness of the extended, relaxed Boolean system is far superior to that of the conventional Boolean logic. When searches are evaluated in terms of recall and precision, a single search iteration in a properly chosen extended system may produce improvements in the average precision computed for various recall points ranging from 50 to 100 percent over the average precision provided by the conventional logic. [5] In an iterative search based on relevance feedback several search steps are normally carried out with progressively improved query statements. In that case, the improvement of the extended over the conventional system may reach several hundred percent after three or four search iterations, depending on the collection and the queries under consideration.
[g] The basic reason for the improved performance is the forgiving nature of the relaxed Boolean system. In the extended system, the appropriateness of a particular Boolean and or or operator is much less critical than in the conventional Boolean system and the query formulations are more differentiated. Two main performance differences may be noted between conventional and extended systems: a) Many relevant documents cannot be retrieved using the conventional logic because the specified query clauses are not satisfied by the document term sets. As will be seen, many of these items are nevertheless retrievable early in a search in the extended system. b) Many relevant documents that are actually retrieved in a conventional Boolean system may be retrieved in the extended system with considerably improved retrieval ranks.
Consider as an example of case (a) document 1207 of the ISI collection and its performance in response to query 16 as illustrated in Table 1 °. The natural language query appears at the top of Table I followed by the Boolean formulation. The superscripts attached to the Boolean operators represent manually chosen p-values about which more will be said later in this note. Excerpts from the document title and abstract appear below the query information in Table I . It is clear from the query and document texts that the Boolean query formulation is not satisfied by the excerpted document text. In particular, the first untied query clause is not present in the document since the term "retrieval" does not occur in either title and abstract. This accounts for the fact that when p -~-oo, the document is not retrievable, the corresponding query-document similarity being equal to 0. The retrieval rank of 917 out of 1460 documents shown in Table I for the Boolean search is a simulated rank produced by the system. In the simulated ranking operation all retrieved documents with a query-document similarity of 1 will of course exhibit lower ranks than the rejected items with a 0 correlation.
Even though document 1207 is not retrievable by a conventional Boolean search, the document is the second highest retrieved by a search in which weighted terms are used and uniform p-values of 2 are attached to all operators. When uniform pvalues of I are used, the document is retrieved with a rank of 3. When the mixed p-values shown in the query formulation of Table 1 retrieval rank is also equal to 2. The excellent performance of the extended Boolean system in this case is due to the near-match between query and document terms: a complete match exists with the second main query clause because "remote consoles" is present in the document text; in addition one finds two instances of the query term "information" in the document. The individual term weights, and hence the query-document similarity, will increase with increasing occurrence frequencies of matching terms. A query-document match with a highly occurring term is thus more beneficial than a match with a rare term. This accounts for the fact that a large number of documents that are not retrievable in a conventional Boolean system are in fact obtainable comparatively early in a search in the extended system. Case (b) is illustrated by document 783 and ISI query 1 in Table 2 . Here the document contains the query terms "title", "accuracy", and "information", and the Boolean clause "title and accuracy and information" in fact suffices for retrieval in the conventional environment. However, whereas document 783 is retrieved with a rank of 34 in the conventional system-there are 33 other documents with a perfect query-document similarity of 1 that happen to he retrieved earlier in the search--the retrieval ranks vary between 4 and 14 for the three lower p-values assignments included in the Table. The reason for the improved performance of the extended system may be found in the multiple matches of the several query terms listed in the lower half of Table 2 .
Thus, in addition to making it possible to retrieve many relevant document not obtainable by conventional means, the extended system also lowers the retrieval ranks of many items that are also obtained by standard techniques.
Conventional Boolean versus Fuzzy Set Approaches
The fuzzy set retrieval model allows the assignment of variable weights to the terms attached to the documents of a collection, while providing compatibility with ordinary Boolean operations when the document term weights are restricted to 0 and 1. When the term weights in the document are limited to 0 and 1 as in the conventional logic, the usual results are obtained because a retrievable document for or must exhibit a maximum term weight of 1, whereas a retrievable item for and has a minimum term weight of 1.
The fuzzy set approach can be simulated in the extended Boolean model by using ordinary Boolean queries with p-values set equal to infinity, but allowing variable weights for all document terms. Since the only effective difference between the pure Boolean and the fuzzy set approaches resides in the assignment of variable document term weights, a document which does not match a particular Boolean query, and hence receives a zero query-document similarity, will still receive a zero similarity coefficient in the fuzzy set system. Thus items that are not retrievable in a Boolean system are also rejected in the fuzzy set environment.
However, in the fuzzy set model the variable document weights can be used to assign to each retrieved item a variable query-document similarity, which is used in turn to rank the retrieved items for output. In many cases the fuzzy set system provides much better discrimination for the retrieved items than the conventional Boolean system. Consider, for example, ISI query 3 which retrieves 28 relevant documents out of a total of 42 relevant ones in the collection. The output of Table 3 shows that in the conventional Boolean system the relevant items appear between ranks 3 and 244; but only 8 relevant items are retrieved in the top 100 ranks. In the fuzzy set approach, the retrieval ranks for the relevant items vary between ranks 1 and 205, and 23 items appear in the top 100. The summary output provided for four document collections later in this study shows that the document term weights provide average improvements in recall-precision of at least 10 percent over the conventional Boolean model. For some document collections, the performance improvements can be much larger.
Extended Boolean System -Uniform pValue Assignment
In the fuzzy set system only the document terms can be weighted. The query terms remain unweighted. When lower p-values are introduced the interpretation of the Boolean operators is relaxed, and term weights are then usable for document as well as query terms. In general one would expect that relatively higher p-value assignments implying stricter query structures would favor high precision output, whereas the lower pvalues closer to 1 that approach the single term vector processing system would favor higher recall.
Furthermore, judging by the performance of the fuzzy set retrieval model, the system should perform better with weighted than with binary terms.
An overview of the performance of the extended Boolean system is presented in Table 4 for four collections of documents with corresponding query sets in computer science (the CACM collection comprising 3204 documents and 52 queries), documentation (the CISI collection with 1460 documents and 35 queries), electrical engineering (the Inspec collection with 12684 documents and 77 queries) and biomedicine (the Medlars collection comprising 1033 documents and 30 queries). [12] The output of Table 4 
The benchmark run is the conventional Boolean system included at the top of Table 4 . This is followed by the performance figures for the fuzzy set model and for four uniform p-value assignments including p ----2, 1.5, 1, and 0.5. In each of the last four cases, all Boolean operators included in the query were set to a common, specified p-value, and weighted terms were used for both queries and documents. The extended Boolean model does not account for p.value assignments less than 1. When the p-values are reduced below 1, the functions of and and or become interchanged, and the meaning of the queries is substantially altered. As a strictly formal exercise, it is however possible to work with p-value assignments outside the range [1,oo].
The improvement of the fuzzy set model over the conventional Boolean system ranges from about 10 percent for CISI to nearly 46 percent in average precision for Inspec. Much more substantial gains are obtained when the p-values are lowered. For all collections the best average performance is obtained for a uniform p-value equal to 1. In fact, for three of the four collections one obtains p(l) ) p(1.5) ) p(2) ) p(0.5) as an overall result. In one case (for Medlars), the performance for p ~ 0.5 exceeds that for p ~ 2, but even there p ----1.5 and p -~ 1 are superior. The conclusion is that the Boolean operators ought to be relaxed as much as possible when uniform pvalues are used, but that it is important to stay within the boundaries of the model (that is, to avoid p-values smaller than 1). For p -~-I the improvements for a single search operation ranges from 62 percent for CISI to over 177 percent for Medlars.
The results for the individual queries, as opposed to overall averages, are much more variable: sometimes p ~-1 is preferred over p ----2, and sometimes the reverse is true, with p ~ 1.5 taking on intermediate values. Results for three particular query-document pairs are included as illustrations in Table 5 . In each case, the document output ranks are shown for various p-value settings, and for query Q5 the query-document similarities are also included in the Table. For query Q1 and document 783, the preferred p-value is 2 since the document is then retrieved in fourth place. The retrieval ranks go up as the p-values decrease to 1 or increase to co. For query Q7 and document 725, p ----1 is preferred with a retrieval rank of 15; the retrieval ranks deteriorate as the p-values increase.
The right-most example in Table 5 shows that the size of the query-document similarity may point to a preferred parameter value even when equivalent retrieval ranks are obtained for various p-value settings. In this case, the query requested information about "training or instruction in information management and information retrieval", and the document text contained 6 matches with the term "instruction", and one additional match with "training". These single term coincidences led to an additional match with the query clause "training ol-instruction". The clause match accounts for the improved query-document similarity for p ----2 over th:tt for p ~-1 when matching clauses are not given any extra weights. It may be noted that document 1246 is not retrievable by a conventional Boolean search (0 correlation and simulated rank of 226) even though it is retrieved at the very top in the extended system. In that case, the Boolean formulation included additional anded terms, such as "retrieval", which were not satisfied by the document.
Extended Boolean System-Mixed pValue Assignments
In the experiments reported in the previous section, the same p-values were assigned uniformly to all Boolean operators. One may ask whether better retrieval effectiveness may be achieved by differentiating among the p-values depending on the strength of connection of the individual terms in a given Boolean clause. The following basic strategy suggests itself: a) When an anded term pair constitutes a standard noun phrase in the language, or when the semantic relationship between the components is strong, the corresponding p-value should be large. b) When the terms in an ored clause are strict synonyms, that is, when the components are usable interchangeably in the same context, the corresponding p-value should be large.
c) When these conditions are not met and the term relationships are weak, the p-values should be close to 1.
An examination of the available Boolean query formulations reveals that the components related by and operators often relate acceptable English phrases; on the other hand, the elements linked by or operators appear to be only vaguely related. This suggests that it may be useful to assign relatively low p-values to the or-operators, but higher p-values to those and operators that relate acceptable English phrases.
Such a strategy was used for a manual assignment of mixed p-values to the queries in the CACM and CISI collections. Thus the original query (ISI Q3) (information and (science or definition)) was processed as (information and ~ (science or 1"6 definition)) using the assumption that "information science" is in fact a reasonable phrase, whereas "science" and "definition" are not close synonyms. The sample output of Table 6 shows that the resulting queries do not generally outperform the best uniform automatic p-value settings. However in most cases, the mixed parameter assignment approximates the output obtained with the best uniform choice of the p-values.
For query ISI Q9 and document 1129, the best performance is obtained for p ~-2, and the manual assignment of mixed p-values is almost as effective as the uniform assignment of p ~ 2. For query ISI QI7 and document 378, the best performance is produced by a uniform assignment of p -~. 1, and the mixed p-values are again nearly as effective. Finally for query ISI Q4 and document 420, the best performance with a retrieval rank of 20 is actually obtained with the manual mixed pvalues. It may be noted that all of the documents displayed in Table 8 are rejected using a conventional Boolean approach.
The relative success of the mixed manual pvalue assignment suggests that the procedure could be mechanized by using different, but automatically determined p-values for and and oF operators. The previously given argument about the relative strictness of anded and ored clauses further suggests that relatively higher p-values be used for and than for or. Four different combinations of mixed p-values were used experimentally with the four sample collections, ranging from Pand ----3.5, Pot ~ 1.2 to Pand "~ 2.0, Pot "~ 1.2. The sur~t~:Lrv o11tput of Table 7 shows that the best performance is obtained for Pard -~-2.5, Por "~ 1, with an alternative Pand ----2, Por ~-1.2 being second best. The manual mixed p-value assignments for CACM and CISI included at the bottom of Table 7 provide performance levels comparable to the second best automatic mixed assignments. The output of Table 7 also shows that the mixed p-values somewhat outperform the best uniform assignment of p ~ 1.
Complete recall-precision tables for the four query and document collections are presented in Table 8 . The search precision is given in each case for 10 different recall values averaged over each particular query set. The best output performance is highlighted by double bars in the display of Table 8 . It is seen that the preferred p-value setting is the mixed assignment of Pand ----2.5, Por -~ I with a uniform assignment of p .~ I being a close second. The improvement of the mixed pvalue assignment over the conventional Boolean search ranges from 55 percent for CISI to 155 percent for Inspec.
Extended Boolean System -Reformulated Queries
The Boolean query sets used with the four experimental collections contained a number of short formulations with very few terms. Such formulations are often preferred in conventional Boolean environments where a large number of clauses and operators may produce uncertain results. In the extended Boolean system, longer, more complete query formulations may become more productive. An attempt was therefore made to rephrase some of the shorter queries for CACM and CISI, and to render them more precise. The reformulation was carried out manually (intellectually) as shown by the example of Table 9 .
The examples of Table 9 show that the reformulated queries are more complex than the original ones and contain a larger number of phrases; furthermore mixed p-values are also assigned as shown in the display. The summary output of Table 10 contrasting the performance of original versus reformulated queries shows that in the conventional Boolean mode, the new queries barely outperform the original ones for CACM; for CISI the new queries are actually less effective than the original ones. In the extended system, on the other hand, the new queries outperform the original ones for both the uniform as well as the mixed p-value assignments. The reformulated queries are about ten percent better than the original ones.
The experiments described in this study confirm that the extended Boolean system is useful and effective. The output of Table 8 Reformulated query: ((information and 2 (science or 1.5 retrieval)) or 1.5 (automatic and 1.s (documentation or 1.5
(library and 1.s science))))
Phrases in information science, information retrieval, reformulated query:
automatic documentation, automatic library science
Query ISI Q2
Naturallanguage: "How can pertinent data as opposed to references or entire articles be retrieved in answer to information requests"
Original Boolean form:
Reformulated query:
Phrases in reformulated query:
((data or information) and (automatic or retrieve or request or pertinent or response) and not (article or reference)) ((automatic and 1.5 ((data and 2 retreival) or 1.5 (question and 2 answer) or 1.5 (passage and 1.5 retrieval) or 1.5 (data and 1.5 extraction))) or 1.5
((data and 2 base) and 1.8 (management or 1.5 retrieval))) automatic data retrieval, automatic question answering, automatic passage retrieval, automatic data extraction, data base management, data base retrieval Example of Manual Query Reformulation Table I0 
